Karrikins are a class of seed germination stimulants identified in smoke from wildfires. Microarray analysis of imbibed Arabidopsis thaliana seeds was performed to identify transcriptional responses to KAR 1 before germination. A small set of genes that are regulated by KAR 1 , even when germination is prevented by the absence of gibberellin biosynthesis or light, were identified. Light-induced genes, putative HY5-binding targets, and ABRE-like promoter motifs were overrepresented among KAR 1 -up-regulated genes. KAR 1 transiently induced the light signal transduction transcription factor genes HY5 and HYH. Germination of afterripened Arabidopsis seed was triggered at lower fluences of red light when treated with KAR 1 . Light-dependent cotyledon expansion and inhibition of hypocotyl elongation were enhanced in the presence of germination-active karrikins. HY5 is important for the Arabidopsis hypocotyl elongation, but not seed germination, response to karrikins. These results reveal a role for karrikins in priming light responses in the emerging seedling, and suggest that the influence of karrikins on postfire ecology may not be limited to germination recruitment.
Karrikins are a class of seed germination stimulants identified in smoke from wildfires. Microarray analysis of imbibed Arabidopsis thaliana seeds was performed to identify transcriptional responses to KAR 1 before germination. A small set of genes that are regulated by KAR 1 , even when germination is prevented by the absence of gibberellin biosynthesis or light, were identified. Light-induced genes, putative HY5-binding targets, and ABRE-like promoter motifs were overrepresented among KAR 1 -up-regulated genes. KAR 1 transiently induced the light signal transduction transcription factor genes HY5 and HYH. Germination of afterripened Arabidopsis seed was triggered at lower fluences of red light when treated with KAR 1 . Light-dependent cotyledon expansion and inhibition of hypocotyl elongation were enhanced in the presence of germination-active karrikins. HY5 is important for the Arabidopsis hypocotyl elongation, but not seed germination, response to karrikins. These results reveal a role for karrikins in priming light responses in the emerging seedling, and suggest that the influence of karrikins on postfire ecology may not be limited to germination recruitment.
smoke | photomorphogenesis G ermination and seedling establishment are critical phases of the plant life cycle and are consequently sensitive to a variety of external cues, such as light, temperature, and nutrients. Fire events have a dramatic environmental impact that extends beyond immediate biotic destruction. The reduced competition for resources in the postfire environment creates an opportunity for seedling establishment that is taken advantage of by many species whose germination is recruited by either smoke or heat stimulation (1) .
The reduction of vegetative canopy and ground cover that accompanies fire also gives rise to changes in the intensity and spectrum of solar radiation at the soil surface. Both light properties are highly influential on seed germination and plant development. The light-regulated control of germination is mediated by the phytochrome family of photoreceptors, primarily by PhyA and PhyB (2) . Phytochrome proteins are converted between two isoforms by light: an inactive red (R) light absorbing form (Pr) and an active far-red (FR) light absorbing form (Pfr). The ratio of R:FR is influenced by canopy filtering, and soil type, moisture, and depth, which in turn affects the equilibrium of Pfr:Pr (3, 4) .
Substantial work has begun to unravel the complex signal transduction networks that regulate specific plant developmental processes after light is perceived (5, 6) . As the hy5 mutant exhibits photomorphogenesis defects under a wide range of light spectra, the bZIP transcription factor ELONGATED HYPOCOTYL5 (HY5) is considered a transducer of light signals from multiple photoreceptors (7) (8) (9) (10) . Its closest homolog, HYH, has a weaker, partially overlapping role that is evident primarily under blue light conditions (11) . HY5 and HYH are both targeted for degradation in the dark by COP1 (11) (12) (13) . ChIP-chip analysis recently revealed that 14.5% of Arabidopsis gene promoters and an estimated 60% of early phytochrome-induced gene promoters are putatively bound by HY5 (14) . HY5 does not have a single role in transcription; its targets may be either activated or repressed in the hy5 mutant (14) . HY5 acts with additional transcriptional regulators.
For example, the double B-box zinc finger proteins STH2 and STH3/LZF1 physically interact with HY5 and act as positive regulators of light signaling during early seedling establishment (15) (16) (17) . HY5 may serve as an important integration point for light and hormone signaling because it has been linked to auxin, cytokinin, and abscisic acid (ABA) responses; and gibberellin (GA) represses photomorphogenesis in darkness via COP1 by decreasing HY5 protein accumulation (18) (19) (20) (21) (22) .
Karrikins (KAR) have been established as a new class of signaling molecules in smoke from burning vegetation that trigger seed germination for many angiosperms (23) (24) (25) (26) . Although karrikins can overcome primary dormancy (PD) in Arabidopsis thaliana seed, the effectiveness of KAR 1 on germination varies by ecotype and seed dormancy state: highly dormant seed has reduced response, whereas the rapid germination rates of nondormant seed can mask any positive influence from karrikin (25) . KAR 1 does not recover germination of the ga1-3 mutant, which has no detectable GA biosynthesis, or enhance its sensitivity to exogenous GAs. Active karrikins induce transcript levels of GA biosynthetic enzymes GA3ox1 and GA3ox2, but there is no corresponding influence on either GA 4 or ABA levels during the first 48 h of imbibition. Unlike GAs, karrikins cannot replace a light requirement for germination (25) . Thus, although karrikins require GA biosynthesis to influence germination, it is unlikely that karrikin responses are exclusively GAmediated. Here, we report an investigation into molecular responses to KAR 1 that ultimately revealed crosstalk with light-dependent processes during germination and seedling establishment.
Results
Identification of KAR 1 -Responsive Genes. To identify molecular responses to karrikin before germination, we used Affymetrix ATH1 microarrays to examine transcriptional profiles of the PD seed of the Landsberg erecta (Ler) ecotype imbibed for 24 h in water or 1 μM KAR 1 . This time point is well before completion of germination, because radicle protrusion was not observed in KAR 1 -treated seeds at 48 h imbibition and had reached only ∼13% in KAR 1 -treated seeds by 72 h (Fig. S1 ). It was previously demonstrated that germination of the GA-deficient ga1-3 mutant, which cannot germinate in the absence of exogenous GAs or other hormone perturbations, is not recovered by KAR 1 (25) . To identify transcriptional changes specific to KAR 1 treatment rather than general germination processes, we also performed an analysis of ga1-3 seed under the same conditions.
We first identified transcriptional changes that were consistent between both genotypes (Criteria I; Table S1 ) and then, out of the remaining genes, those that were significantly responsive to KAR 1 in only one genotype (Criteria II; Table S2 ). A few general observations can be made from the Criteria I probesets. First, KAR 1 induced ∼6-fold more transcripts at 24 h than it repressed (Table 1) . Second, although the KAR 1 treatment substantially enhanced PD seed germinability, few "strong" fold changes were observed. Only 30 transcripts were induced at least 2-fold by KAR 1 , and only one was repressed at least 2-fold (Table 1) . Third, the magnitude of transcript induction in response to KAR 1 was largely consistent in PD Ler and ga1-3 seed, despite the disparity in germination outcome between these genotypes. Of the 118 probesets induced > 1.5-fold by KAR 1 in PD Ler, 85 (75%) also had FC > 1.5 in ga1-3. Of the 10 most up-regulated transcripts in PD Ler seed, 7 were also among the 10 most up-regulated in ga1-3. This trend was less notable for down-regulated transcripts, because only 4 probesets (20%) were repressed at least 1.5-fold by KAR 1 in both genotypes.
Thus, despite the lack of an overt ga1-3 germination response to KAR 1 , a common set of putative KAR 1 -responsive genes was identified. Because many more transcripts were significantly induced than repressed, and there was more consistency between induced gene sets in PD Ler and ga1-3, we chose to focus further analysis on the 118 Criteria I up-regulated probesets in PD Ler, corresponding to 121 genes, hereafter referred to as the KAR-UP set.
KAR-UP Gene Set Is Enriched for Light-Responsive Transcripts. To determine whether KAR 1 induces similar transcriptional effects as other treatments influencing germination, we performed multiple comparisons to previously published microarray datasets examining light-, dormancy-, and hormone-responsive genes (14, (27) (28) (29) (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) . These results are summarized in Table S3 and S4, and the most striking findings are discussed here.
We noted that HY5 and its homolog HYH were significantly upregulated by KAR 1 . Comparison of the KAR-UP genes to the Lee et al. (14) ChIP-chip results for HY5 revealed 64 (54%) putative HY5 targets. This represents a significant, >3-fold enrichment of potential HY5 targets among KAR 1 -induced genes.
We next examined whether early light-responsive genes were overrepresented among the KAR-UP transcripts. Tepperman et al. (36) identified sets of genes responding to continuous red light (Rc) within 1 h of light exposure in 4-d-etiolated seedlings. 16 KAR-UP genes were present among the 206 robustly up-regulated lightresponsive transcripts (∼1% of ATH1 array). Inclusion of the less strongly light-responsive genes in the comparison indicated that 31% of KAR-UP genes were induced by red light (vs. 5%). Among the red light-induced genes, 29 of the 37 (78%) promoters were putatively bound by HY5. In contrast, only 5% of KAR-UP genes were present in the Rc down-regulated list, which was not significantly different from the 2% prevalence of those genes. Consistent with the predominance of PhyA in early light responses, the majority of the Rc-induced KAR-UP genes were classified as PhyAresponsive. A comparison with 405 genes (2% of ATH1 array) induced in light-grown seedlings 1 h after UV-B exposure revealed 31 genes (26% of KAR-UP) in common (35) . Thus, there is significant enrichment of both early red and UV-B light-induced genes among KAR-UP transcripts.
PIL5 mediates repression of germination in the dark. ChIP-chip was recently used to identify PIL5 binding sites (34) . Among KAR-UP genes, 12% had PIL5 binding sites (vs. 3%of genome). Corresponding with this, 21% of KAR-UP genes were classified as repressed by PIL5 (vs. 6%). Thus a >3.5-fold enrichment of PIL5-regulated genes was observed among those induced by KAR 1 .
Finally, we performed an analysis for enriched transcription factor binding sites among promoters (maximum 1 kb) of KAR-UP genes using Athena (40) . An Abscisic Acid Response Element (ABRE)-like binding site motif, (C/G/T)ACGTG(G/T)(A/C), was present in the promoters of 52 (43%) of the 121 genes represented by the 118 probesets. This motif is significantly enriched among the KAR-UP genes when compared against the genome-wide distribution of 18%. The ABRE-like binding site motif includes motifs such as ABA-responsive element (ABRE), (C/T)ACGTGGC, and the light-responsive element G-box, CACGTG. HY5 has been demonstrated to bind G-box motifs in the promoters of some lightregulated genes (7). Among KAR-UP genes, 35 of the 52 (67%) promoters containing ABRE-like binding site motifs were previously classified as HY5-binding promoters (14) .
Expression Patterns of KAR 1 -Responsive Transcripts. Transcript abundance of 23 Criteria I and two Criteria II (DWF4, WER1) genes was reexamined by qRT-PCR during a 48-h time course of seed imbibition. Two KAR-UP genes encoding a putative F-box protein (At1g31350) and an oxidoreductase (At5g07480) are previously uncharacterized and here referred to as KUF1 and KUOX1. Three general transcriptional response patterns to KAR 1 were identified: early, late, and transient. Early-responsive genes (STH7, KUF1, FDH, WOX2, SNRK2.8) were induced within 6 h of imbibition (Fig. 1A) . Late-responsive genes (KUOX1, SKS17, DWF4, RHA2b, PAP2, FAD3, WER1, HAT2, STS, PIL2) feature a sustained KAR 1 response that begins around 12-24 h and continues through 48 h (Fig. 1B) . Finally, transient response genes (HY5, HYH, STO, ELIP1, DOG1-like, NPQ4, PAL2, C4H, TT5, FLS) exhibit only a temporary induction by KAR 1 that peaks at 24 h imbibition (Fig. 1C) . The last four genes in this group are involved in phenylpropanoid or flavonoid biosynthesis.
Because karrikins cannot replace a light requirement for germination in Arabidopsis, we next examined whether light was required for transcriptional changes of 12 KAR 1 -responsive genes in PD Ler seed at 24 h (Fig. 2 ). STH7 and KUF1 were strongly upregulated by KAR 1 independently of light. KUOX1, STS, HY5, FDH, SNRK2.8, and SKS17 transcripts had enhanced KAR 1 responsiveness in seeds given a white light treatment. A FR light pulse abolished transcript induction by KAR 1 for ELIP1, CAD4, FAD3, and PAP2. Notably, ELIP1, CAD4, and FAD3 are described as HY5 binding targets (14) . Thus, although light is not required for all transcriptional responses to KAR 1 , it can have a synergistic relationship.
KAR 1 Enhances Arabidopsis Seed Germination Under Low Light Fluences.
The enrichment of light-responsive genes among KAR 1 -induced transcripts suggested that karrikin may affect developmental responses to light. We examined the Arabidopsis seed germination response at a range of fluences in the presence and absence of KAR 1 . We used nondormant seed to minimize the KAR 1 influence on germination via dormancy and focus on the effect of karrikin on light sensitivity. Seeds were imbibed for 1 h in darkness, given a 5′ pulse of FR to deactivate any Pfr, treated with 1 h of R light at various fluences, and germination recorded after a further 96 h of darkness. Germination was markedly increased by KAR 1 at low R fluences. In keeping with prior observations (25) , KAR 1 could not induce germination in the absence of a R light pulse, and germination was similar to the control for seeds kept in continuous white light instead of the extended dark incubation (Fig. 3) . PhyB is present in the seed, whereas PhyA is synthesized during the 24-to 96-h period of imbibition (41) (42) (43) . To consider the contribution of both phytochromes to light responsiveness, we also performed the experiment with a 48-h dark period between the FR and R pulses (Fig. S2) . Similar results were obtained, although with increased germination across all fluences of R light.
Karrikins Positively Influence Photomorphogenesis in Seedlings. To determine whether karrikins can influence other light-responsive processes, we investigated the effect on KAR 1 on Arabidopsis hypocotyl elongation. To reduce any potential growth contribution from KAR 1 effects on seed dormancy, we used afterripened seed that was stratified after plating on media supplemented with nitrates. At 100 nM and higher concentrations, KAR 1 inhibited hypocotyl elongation under continuous red (Rc) light (Fig. 4A) . In darkness, however, KAR 1 had no effect on hypocotyl elongation. It is notable that seedlings of the Col and Ws ecotypes responded as strongly to KAR 1 as Ler, because in our hands Col seeds have little to no dormancy and hence only a minimal KAR 1 germination response (Fig.  4B) . Altogether, this suggested that the seedling growth response was independent of KAR 1 effects on germination rates.
Further tests revealed that all active karrikins inhibit Arabidopsis hypocotyl elongation in a light-dependent manner, and the degree of inhibition corresponds with the relative effectiveness of each karrikin as a germination stimulant: KAR 2 > KAR 1 > KAR 3 (Fig. 4C) . KAR 4 , which was previously found to be inactive in promotion of Arabidopsis germination (25), did not significantly affect hypocotyl length. At the concentrations tested, no growth inhibition in darkness was observed for any of the karrikins. The active karrikins also promoted expansion of cotyledon surface area by ∼20-30% under Rc, whereas KAR 4 did not. Interestingly, the synthetic strigolactone GR-24 was also an effective inhibitor of hypocotyl elongation, although it was previously reported as a weaker germination stimulant than active karrikins in Arabidopsis (Fig. 4C) (25) . However, the effect of GR-24 on seedlings was distinct from karrikins, because cotyledon expansion was inhibited. We examined the hypocotyl elongation response in the presence of 1 μM KAR 1 at a range of R and B+FR light fluences (Fig.  S3 A and B) . KAR 1 reduced hypocotyl elongation under all light fluences tested.
To determine whether the light-dependent inhibition of hypocotyl elongation by karrikins occurs in other species, we tested the responses of lettuce (Lactuca sativa L. cv Grand Rapids) and wild turnip (Brassica tournefortii). Germination of these species is strongly activated by KAR 1 but is oppositely influenced by light; lettuce requires only a very low light exposure to induce germination, whereas wild turnip germination is strongly inhibited by light. Both species displayed a similar enhancement of postgerminative light response by KAR 1 as Arabidopsis (Fig. S3 C and  D) . However, hypocotyl elongation in the dark was inhibited at 10 μM KAR 1 in lettuce and at all tested concentrations in the dark for wild turnip. This suggests that karrikin may induce growth effects even in the absence of light in some highly sensitive species. Karrikins enhanced visible greening in the apical portion of the Arabidopsis hypocotyl (Fig. S3 E and F) . Chlorophyll a and b content was increased by ∼15-20% in KAR 1 -treated seedlings of three tested ecotypes, which may be a direct consequence of increased cotyledon expansion (Fig. S3G ).
HY5 Has a Role in the Hypocotyl Elongation Response to Karrikins. As HY5 targets are enriched among genes induced by karrikins after 24 h imbibition, and HY5 transcript is also transiently up-regulated by KAR 1 in a light-enhanced manner (Figs. 1C and 2) , we investigated the role of HY5 in seed responses to karrikins. Although hy5-1 seed exhibited reduced dormancy, consistent with a recent report (44) , its germination was significantly responsive to karrikins ( Fig. S4 A and B) . The early karrikin-responsive transcripts STH7 and KUF1 were still inducible by KAR 1 and KAR 2 in the hy5-1 mutant, regardless of light treatment (Fig. S4 C and D) . However, ELIP1, a putative HY5 target gene that requires light for significant induction by karrikins, was no longer positively responsive to karrikins in 24-h-imbibed hy5-1 seed (Fig. S4E) . Thus, HY5 is not required for all karrikin responses in seed.
Some markers of karrikin response in 24-h-imbibed seed maintained expression changes postgermination. In seedlings grown 3 d under Rc, STH7 and KUF1 transcripts were still up-regulated by karrikins, and expression was weakly enhanced 11-17% for HY5 and 33-48% for HYH by KAR 1 and KAR 2 , respectively (Fig. 5A) . Because HY5 has been well established as an important regulator of deetiolation, we also examined light-dependent hypocotyl elongation responses to karrikin in hy5-1. In wild type, 1 μM KAR 1 and KAR 2 inhibited hypocotyl elongation under Rc by 33% and 53%, respectively. However, hypocotyl growth was only inhibited 10% by these karrikins in hy5-1 (Fig. 5B) . A hyh mutant retained normal hypocotyl elongation responses to KAR 1 and KAR 2 . Consistent with the absence of karrikin effects on dark-grown hypocotyls, the red light-insensitive phyA-201 phyB-5 mutant had no growth response to karrikins under Rc (Fig. 5B) . Discussion KAR 1 is an effective germination stimulant for PD Ler seed in the presence of light. Despite producing a substantial difference in germination fate, our microarray analysis revealed that remarkably few genes (∼0.5%) were transcriptionally affected by KAR 1 >1.5 fold after 24 h imbibition. Gene expression responses to KAR 1 were detected for several genes as early as 6 h after the start of imbibition, consistent with the timing of a prior observation of KAR 1 effects on GA3ox1 expression (Fig. 1) . It is notable that many of the genes induced by KAR 1 in PD Ler are comparably up-regulated in ga1-3, although ga1-3 does not complete germination. This suggests that although GA is ultimately required for KAR 1 to stimulate germination, GA is not necessary for karrikin perception and early transcriptional responses during imbibition.
Although limited in size, the small set of genes we have identified with strong responses to KAR 1 can be useful tools in future work. As markers of karrikin response, expression of these genes can be used to characterize putative karrikin-insensitive mutants identified through forward genetic screens. These markers can also be examined for interaction between transcriptional responses to karrikin and other stimuli, as in Fig. 2 . Finally, genes that show an early and strong transcriptional response to karrikin are attractive candidates for reverse genetic investigations of potential roles in karrikin function. For example, STH7 was the most highly KAR 1 -induced transcript in all microarray experiments and is up-regulated by KAR 1 within 6 h of imbibition. STH7 is a member of a small subfamily of eight double B-box zinc finger genes that are structurally related to the CONSTANS-LIKE family of transcription factors but lack the C-terminal CCT motif. Although STH7 has not been characterized, other subfamily members, including STH2, STH3/ LZF1/DBB3, STO, and STH, have been implicated in lightdependent developmental processes (15) (16) (17) 45) . Furthermore, STH2 and LZF1, the closest homologs of STH7, physically interact with HY5 and play positive roles in light-induced postgerminative processes.
In our analysis of karrikin up-regulated transcripts, we found a strong connection to light signaling. Putative HY5 binding sites and genes induced during early red light responses were overrepresented among genes responding positively to KAR 1 . These results led us to investigate the influence of karrikin on lightdependent processes. KAR 1 enhanced light-dependent germination of Arabidopsis thaliana at a range of low fluences (Fig. 3) . With longer imbibition times before the red light pulse, seeds became more sensitive to light treatment and the KAR 1 treatment was even more effective (Fig. S2) . One interpretation of these results is that karrikin promotes light sensitivity in seed germination. This leads to the attractive hypothesis that karrikins recruit germination in the seed bank by enhancing light perception; that is, seeds at greater depths in the soil will respond to the very low fluences of light they are receiving, or seeds will be more responsive to brief light exposures during soil disturbance. Although this may indeed be the case for some light-requiring species, this is not likely to be a broad karrikin mechanism. First, light levels attenuate very rapidly within millimeters of soil depth, and seeds in the upper soil layer where light can penetrate will also be most susceptible to fire damage. Second, not all KAR-responsive species are lightrequiring, and germination of some species is even inhibited by light. It could be argued that karrikin response is a result of convergent evolution and has been integrated into germination pathways in different ways across angiosperms. However, Arabidopsis thaliana and Brassica tournefortii, both members of the Brassicacaeae, respond positively to karrikin and yet oppositely to light in germination. Thus, at least for these species, a more parsimonious hypothesis calls for a common karrikin response mechanism in which karrikins increase germination potential and light acts independently to modulate the karrikin effect.
Our examination of karrikin effects on postgerminative growth revealed that karrikins enhance light-dependent processes such as inhibition of hypocotyl elongation and expansion of cotyledons. The influence of KAR 1 on Arabidopsis hypocotyl elongation required light and was effective across a range of fluences, consistent with enhanced light sensitivity rather than nonspecific hypocotyl growth inhibition. As in germination, KAR 2 was the most effective karrikin. Hypocotyl elongation of lettuce and wild turnip was inhibited by KAR 1 , suggesting that, like germination, this response to karrikins may also be prevalent. It will be interesting to determine whether karrikins confer a selective advantage by preparing seedlings for emergence under the light conditions of the postfire environment.
Light is required for overt germination and hypocotyl growth responses to karrikins in Arabidopsis, but not for all transcriptional effects (Figs. 2, 3 , and 4B). Because HY5 is a major component of light signal transduction, putatively binds 54% of KAR-UP genes, and is itself transcriptionally induced by karrikins, we propose that it has an important role in carrying out some aspects of the karrikin response. Indeed, inhibition of hypocotyl elongation under red light by karrikins was strongly attenuated in hy5-1 (Fig. 5B) . As was exemplified by ELIP1 misregulation in the hy5-1 mutant (Fig.  S4E) , we expect that the loss of this broadly active transcription factor will affect the inducibility of many karrikin-responsive transcripts after 24 h imbibition. However, it is also clear that HY5 is not required for all karrikin responses, because germination and induction of STH7 and KUF1 transcripts retained significant responses in hy5-1 seed (Fig. S4) . We conclude that karrikin perception and early signal transduction can occur independently of light or HY5, but must ultimately integrate with light-activated signaling pathways to produce developmental changes.
The influence of karrikins on postgermination light responses that we have described here indicates a broader importance for karrikins in plant development and suggests an intriguing ecological role beyond germination recruitment in the postfire environment.
Methods
Growth of Arabidopsis thaliana, seed storage, and surface sterilization were performed as described in ref. 25 . hyh mutant was isolated from the WiscDsLox253D10 insertion line. No expression was detectable by RT-PCR using primers for full-length HYH cDNA.
Expression Analysis. cRNA targets were prepared from total RNA using the GeneChip One-Cycle Target Labeling Kit (Affymetrix) and hybridized to GeneChip Arabidopsis ATH1 Genome Arrays (Affymetrix) according to the manufacturer's instructions. Signal intensities were GC-RMA-normalized using Avadis software (Strand Life Sciences). Statistical analysis and identification of karrikinresponsive genes was performed as described in SI Methods. For seed analysis, RNA isolation, cDNA synthesis, and qRT-PCR were performed as described in ref. 25 . Two independent seed batches were examined with at least two technical replicates of each PCR. The average relative expression (vs. At5g46630, a clathrin adaptor complex subunit) and SE for the two biological replicates are shown. Levels of relative expression in dry seeds or the water control were adjusted to 1 when detectable, and all other values were scaled accordingly. RNA was Where not visible, error bars are smaller than the symbol.
